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Abstract: 26 
Purpose:  To examine longitudinal changes in choroidal thickness and axial length 27 
in a population of children with a range of refractive errors. 28 
Methods: One hundred and one children (41 myopes and 60 non-myopes), aged 29 
10-15 years participated in this prospective, observational longitudinal study. For 30 
each child, 6-month measures of choroidal thickness (using enhanced depth imaging 31 
optical coherence tomography) and axial ocular biometry were collected 4 times over 32 
an 18 month period. Linear mixed models were used to examine the longitudinal 33 
changes in choroidal thickness and the relationship between changes in choroidal 34 
thickness and axial eye growth over the study period.    35 
Results: A significant group mean increase in subfoveal choroidal thickness was 36 
observed over 18 months (mean increase 13 ± 22 µm, p<0.001). Myopic children 37 
exhibited significantly thinner choroids compared to non-myopic children (p<0.001), 38 
although there was no significant time by refractive group interaction (p=0.46), 39 
indicating similar changes in choroidal thickness over time in myopes and non-40 
myopes.  However, a significant association between the change in choroidal 41 
thickness and the change in axial length over time was found (p<0.001, β = -0.14). 42 
Children showing faster axial eye growth exhibited significantly less choroidal 43 
thickening over time compared to children showing slower axial eye growth. 44 
Conclusions: A significant increase in choroidal thickness occurs over an 18 month 45 
period in normal 10 to 15 year old children. Children undergoing faster axial eye 46 
growth exhibited less thickening and in some cases, a thinning of the choroid. These 47 
findings support a potential role for the choroid in the mechanisms regulating eye 48 
growth in childhood. 49 
 50 
Keywords:  Choroid, Childhood, Myopia, Refractive Error, Optical Coherence 51 
Tomography 52 
 53 
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Introduction: 54 
The development and application of new imaging methods, such as enhanced depth 55 
imaging (EDI) spectral domain optical coherence tomography (SD-OCT),1 and long 56 
wavelength OCT,2 has led to significant improvements in our understanding of the 57 
structural characteristics of the in vivo human choroid.  Although high levels of 58 
between subject variability is a commonly reported feature of in vivo choroidal 59 
thickness measures, a number of recent cross-sectional studies of healthy eyes 60 
have established that two of the major factors that can impact upon in vivo choroidal 61 
thickness are age3-13 and refractive error.4,6,12,15-21    62 
 63 
A reduction of choroidal thickness with increasing age in adults has been a 64 
consistent finding across a number of recent studies using a variety of OCT 65 
instruments, with estimates ranging from 14 µm to 54 µm decrease in subfoveal 66 
choroidal thickness per decade of increasing age.3,4,6,12  A number of recent studies 67 
have also examined the association between age and choroidal thickness in 68 
children.7-11,13  However, the nature of the changes occurring in choroidal thickness 69 
with increasing age in childhood has varied in these reports.  Studies that have 70 
limited their investigations to children with refractive errors close to emmetropia have 71 
typically noted a positive association between choroidal thickness and age, 72 
suggesting that in normal pediatric eyes without significant refractive error, the 73 
choroid thickens with age.7,10,13  However, other studies including a wider range of 74 
refractive errors have noted a negative association between age and choroidal 75 
thickness in childhood.8,9,11  These apparently discordant results suggest an 76 
interaction between refractive error and age in childhood, particularly given that 77 
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myopia often develops in childhood and is known to be associated with a thinner 78 
choroid.20  This appears to be supported by the findings of Nagasawa et al8 who 79 
report that the negative association between age and choroidal thickness is no 80 
longer significant in multivariate analyses after adjusting for axial length.   81 
 82 
Studies of in vivo choroidal thickness in adults have also shown that the choroid 83 
exhibits significant variation with refractive error and axial length, with the thickest 84 
choroids typically noted in hyperopic eyes with shorter axial lengths and the thinnest 85 
choroids in myopic eyes with longer axial lengths.4,6,12,16-19  Marked choroidal 86 
thinning is also commonly found in subjects with high myopia.14,15  A thinner choroid 87 
has also been noted in the eyes of myopic children, consistent with choroidal 88 
changes occurring relatively early in the refractive error development process.20,21  89 
The thinner choroid reported in cross-sectional studies of human myopic subjects is 90 
also consistent with previous research with a range of animal models demonstrating 91 
that a thinning of the choroid is one of the ocular changes that occurs at an early 92 
stage during the development of experimental myopia.22-24  93 
 94 
All of the recent studies examining the influence of age and refractive error upon the 95 
normal in vivo choroidal thickness in adults and children have utilised cross-sectional 96 
study designs.  This limits the insights that can be drawn from these data regarding 97 
the time-course of age-related and developmental changes in the thickness of the 98 
choroid and the causal nature of any links between choroidal thickness and 99 
refractive error.  In order to provide a clearer understanding of the nature and time-100 
course of the changes occurring in choroidal thickness in childhood, and the 101 
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relationship between these changes and eye growth, in this study we have examined 102 
the longitudinal changes of macular choroidal thickness and axial length, over an 18 103 
month period, in a population of healthy children with a range of refractive errors. 104 
 105 
 106 
Methods 107 
Subjects and Procedures 108 
This 18 month prospective, observational longitudinal examination of the changes in 109 
macular choroidal thickness and axial length in childhood included the 102 children 110 
aged between 10 and 15 years of age enrolled in the Role of Outdoor Activity in 111 
Myopia (ROAM) study.25  Baseline measurements of choroidal thickness and axial 112 
length were collected between May and November 2012.  Subsequent measurement 113 
sessions were then conducted every 6 months over 18 months (i.e. a total of 4 study 114 
visits over 18 months).  Approval from the Queensland University of Technology 115 
human research ethics committee was obtained prior to commencement of the 116 
study, and all parents provided written informed consent for their child to participate, 117 
and all children provided written assent.  All participants were treated in accordance 118 
with the tenets of the declaration of Helsinki.  119 
 120 
An ophthalmic examination was conducted for all children prior to enrollment in the 121 
study in order to determine their refractive, visual, and ocular health status.  All 122 
children enrolled in the study exhibited best corrected visual acuity of logMAR 0.00 123 
or better in each eye, no history or evidence of significant ocular disease, and no 124 
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hyperopic refractive errors greater than +1.25 DS.  Eligible subjects were classified 125 
based upon the non-cycloplegic spherical equivalent subjective refractive error 126 
(SER) of their right eye, as being either myopic (SER of -0.75 D or more myopia) or 127 
non-myopic (SER less than +1.25 D and greater than -0.50 D).  At the time of 128 
enrollment in the study, all of the myopic children wore conventional single vision 129 
spectacle corrections (although 4 children also sometimes wore spherical soft 130 
disposable contact lenses) and no children were under any optical or 131 
pharmacological treatments to slow myopia progression.  Retinal imaging at the 132 
second 6-month study visit revealed signs that one of the non-myopic participants 133 
was developing a retinal dystrophy, and they were therefore excluded from all 134 
analyses, which meant that 101 children were included in the final analysis.    135 
 136 
At the baseline study visit, these 101 children had a mean (± SD) age of 13.1 ± 1.4 137 
years and consisted of 52% females.  Forty-one children were classified as myopes 138 
(mean subjective SER -2.39 ± 1.51 D, mean cylinder -0.39 ± 0.49 D) and 60 as non-139 
myopes (mean subjective SER +0.35 ± 0.31 D, mean cylinder -0.09 ± 0.21 D). The 140 
myopic and non-myopic children were well matched for both age (mean age 13.0 ± 141 
1.5 years in the myopes and 13.1 ± 1.2 years in the non-myopes) and gender (51% 142 
of the myopes and 52% of the non-myopes were female).  Over the 18 month study 143 
period, three children were lost to follow-up (two after their baseline visit, and one 144 
after their second ocular measurement visit) and four children were excluded after 145 
they began orthokeratology contact lens wear (after their second (n = 3) or third (n = 146 
1) ocular measurement visit).  Therefore, 94 (92% of enrolled participants) children 147 
(59 non-myopes and 35 myopes) completed all 4 study visits.  148 
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Choroidal thickness measurements 149 
Choroidal thickness measurements were derived from OCT images collected with 150 
the Heidelberg Spectralis SD-OCT instrument (Heidelberg Engineering, Heidelberg, 151 
Germany).  This device uses an 870 nm super luminescent diode for OCT imaging 152 
with a scanning speed of 40,000 A-scans per second, to provide chorio-retinal OCT 153 
images with an axial resolution of 3.9 µm and transverse resolution of 14 µm, and 154 
has been shown to provide highly repeatable measures of choroidal thickness.26  At 155 
each study visit, children had 2 series of OCT images of their right eye collected 156 
using a high resolution six line “star” scanning protocol, consisting of six 30° long, 157 
radial line scans centred on the fovea, each separated by 30°.  All OCT images were 158 
captured using the instrument’s enhanced depth imaging (EDI) mode in order to 159 
optimise choroidal visibility.1  Automatic real time eye tracking was also employed, 160 
allowing each radial OCT image to be the average of 30 B-scans.  Four children (2 161 
non-myopes and 2 myopes) were unable to maintain stable fixation to allow all 6 162 
radial OCT images to be captured, and a single horizontal scan image (the average 163 
of 30 B-scans) centred on the fovea was collected and analysed for these subjects.  164 
Following the baseline visit, all subsequent scans were collected using the 165 
instrument’s “Auto Rescan” feature which tracks features in the instrument’s 166 
scanning laser ophthalmoscope (SLO) retinal image in order to register follow-up 167 
OCT scans to the same retinal location as the baseline measurements.  Only images 168 
with a scan quality index (QI) of >20dB were included in the analysis, with the mean 169 
QI from all scans at all visits being 32.8 ± 2.6 dB.  All measurements were collected 170 
at a similar time of day between 2pm and 5pm to reduce the potential confounding 171 
influence of diurnal variations in choroidal thickness27,28 upon the results.  172 
 173 
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In addition to choroidal thickness measurements, measures of axial length were also 174 
collected at each study visit using an optical biometer which is based on the 175 
principles of optical low coherence reflectometry (Lenstar LS 900, Haag Streit AG, 176 
Koeniz, Switzerland).  This instrument precisely measures a range of axial ocular 177 
dimensions,29 which were also used to correct the OCT transverse magnification.  At 178 
each visit, 5 repeated measurements of ocular biometry were collected.   179 
 180 
Data analysis 181 
Following image acquisition at each study visit, all OCT images were exported from 182 
the instrument and analysed using custom written software.   The image analysis 183 
procedures employed in this study have been previously described in detail.20  184 
Briefly, an automated graph based method was initially used to segment the outer 185 
boundary of the retinal pigment epithelium (RPE) in all OCT images.  An 186 
experienced masked observer then manually segmented the chorio-scleral interface 187 
(CSI), corrected any RPE segmentation errors and marked the centre of the fovea 188 
(defined as the position of the deepest portion of the foveal pit) in all OCT images.  189 
Following segmentation of the OCT images, the transverse scale of each subject’s 190 
OCT data was adjusted to account for ocular magnification factors using their 191 
individual ocular biometry data from that study visit. 192 
 193 
Choroidal thickness (defined as the distance from the RPE to the CSI) across each 194 
OCT image was then calculated to determine the subfoveal choroidal thickness, and 195 
the average choroidal thickness across a series of concentric annular zones around 196 
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the fovea, including the central foveal zone (central 1 mm diameter), the inner 197 
macula zone (from an inner diameter of 1 mm to an outer diameter of 3 mm) and the 198 
outer macula zone (inner diameter of 3 mm outer diameter of 6 mm).  These data 199 
were further analysed to determine the average thickness at 8 locations (temporal, 200 
superior temporal, superior, superior nasal, nasal, inferior nasal, inferior and inferior 201 
temporal) across each of the 3 zones (central fovea, inner macula and outer 202 
macula).   203 
 204 
All statistical analyses were carried out using IBM SPSS Statistics Version 21.  The 205 
longitudinal changes in subfoveal choroidal thickness (and axial length) over the 18 206 
months of the study (and the influence of various predictor variables upon the growth 207 
trajectory of the choroid) were examined using linear mixed model (LMM) analysis 208 
with restricted maximum likelihood estimation.  The LMM examined the effect of 209 
study visit time (in years from baseline visit, as a time varying continuous variable) 210 
upon subfoveal choroidal thickness, using a first order autoregressive covariance 211 
structure (which assumes the correlation between measurements is higher for 212 
measurements taken closer together in time).  Individual subject’s slopes and 213 
intercepts were included as random effects in the model (allowing for any pattern of 214 
correlation between the random effects).  In addition to classification according to 215 
refractive error group (i.e. myope or non-myope), subjects were additionally 216 
classified based on their axial eye growth over the course of the study (linear 217 
regression analysis of each individual subject’s change in axial length over time was 218 
used to derive an axial growth rate for each subject).  This was based upon a tertile 219 
split of the axial growth rate data into groups exhibiting either slow eye growth (<25 220 
µm/year, n = 33), or medium rate of eye growth (between 25 and 67 µm/year, n = 221 
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33) or fast eye growth (>67 µm/year, n = 33).  Categorical predictor variables 222 
(refractive error group, axial eye growth rate and gender) were included in the model 223 
as fixed factors, and continuous predictor variables (baseline axial length, change in 224 
axial length and age at baseline visit) were included as covariates.  Separate 225 
analyses were carried out for refractive error group, axial growth rate and change in 226 
axial length, since these factors are typically related.  A similar approach was used 227 
for the analysis of the longitudinal changes in the parafoveal choroidal thickness, 228 
with the additional fixed factors of parafoveal zone and location included in the LMM.   229 
 230 
Repeatability of the imaging and analysis procedures were assessed through 231 
analysis of the two repeated OCT measurements collected at each study visit.  The 232 
mean difference and 95% limits of agreement between the differences were 233 
determined for these data at each visit using the methods of Bland and Altman.30  234 
 235 
 236 
Results 237 
Choroidal thickness measurement repeatability 238 
The mean ± 95% limits of agreement of the difference in subfoveal choroidal 239 
thickness between the two repeated series of OCT measures at each visit was 0.2 ± 240 
3.7 µm (Visit 1: 0.2 ± 3.7 µm, Visit 2: 0.4 ± 3.4 µm, Visit 3: 0.3 ± 3.8 µm, Visit 4: 0.0 ± 241 
3.9 µm), indicating excellent repeatability for the subfoveal analysis of the two 242 
repeated scans, that appeared consistent across all 4 study visits (Figure 1a).  The 243 
parafoveal analysis also revealed good repeatability (although the limits of 244 
11 
 
agreement were observed to be greater in the inner and outer macula zones 245 
compared to the central foveal zone), with the mean ± 95% limits of agreement of 246 
the difference between the two repeated scans at all visits being 0.1 ± 4.6 µm (Visit 247 
1: 0.1 ± 4.1 µm, Visit 2: 0.4 ± 4.8 µm, Visit 3: 0.1 ± 4.2 µm, Visit 4: -0.2 ± 5.2 µm) for 248 
the mean thickness in the central foveal zone, 0.4 ± 8.4 µm (Visit 1: 0.5 ± 7.4 µm, 249 
Visit 2: 0.6 ± 10.0 µm, Visit 3: 0.5 ± 7.8 µm, Visit 4: 0.1 ± 8.0 µm) for the inner 250 
macula zone and 0.7 ± 8.7 µm (Visit 1: 1.0 ± 9.3 µm, Visit 2: 0.6 ± 9.8 µm, Visit 3: 0.9 251 
± 7.6 µm, Visit 4: 0.4 ± 8.0 µm) for the outer macula zone (Figure 1).   252 
 253 
Longitudinal changes in subfoveal choroidal thickness and axial length  254 
Figure 2 illustrates the longitudinal changes in subfoveal choroidal thickness and 255 
axial length observed in this population of children over the 18 months of the study.  256 
The subfoveal choroid was found to increase significantly in thickness over time 257 
(p<0.001; β = 8 µm/year; 95% CI: 2 to 14 µm/year).  For all subjects considered 258 
together, a mean increase of 13 ± 22 µm in subfoveal choroidal thickness was 259 
observed over the 18 month study period.  A significant main effect of refractive error 260 
group was also observed, indicative of a significantly thinner subfoveal choroid in the 261 
myopic children (mean choroidal thickness was 303 ± 79 µm at baseline) compared 262 
to the non-myopic children (mean 360 ± 77 µm) (p<0.001).  However, there was no 263 
significant time by refractive error interaction (p=0.40), suggesting that although on 264 
average the non-myopic children (mean change of 15 ± 19 µm in 18 months) 265 
showed slightly greater choroidal thickening than the myopic children (mean change 266 
11 ± 28 µm), the change in subfoveal choroidal thickness over time was not 267 
significantly different between them.   There were no significant main effects of 268 
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gender or age at baseline, and no significant gender by time or age at baseline by 269 
time interactions (all p>0.05).  Figure 2 illustrates a trend for a potential seasonal 270 
variation in the changes in choroidal thickness, with smaller changes in thickness 271 
observed at visit 3 (which coincided with the winter months in the majority of 272 
participants) compared to visits 2 and 4.  However, pairwise comparisons of the 273 
average 6-monthly changes in choroidal thickness observed at visits 2, 3 and 4, 274 
were not significantly different (all p>0.05).  275 
 276 
Over the 18 months of the study, axial length also increased significantly over time 277 
(mean increase in axial length for all children over 18 months was 105 ± 155 µm, 278 
p<0.0001) (Figure 2b).  Significant main effects of gender and refractive group were 279 
also seen (both p<0.001), indicative of a significantly longer axial length in boys 280 
(baseline axial length was 70 µm longer in boys) and myopic children (baseline axial 281 
length was 119 µm longer in myopic children).  Significant interactions were also 282 
observed between refractive group and time (p<0.001; indicating a greater axial 283 
growth rate for myopic children (β = 119 µm/year) compared to non-myopic children 284 
(β = 42 µm/year)) and age at baseline and time (p<0.001, β = -20; indicating a 285 
greater increase in axial length over time in younger children).   286 
 287 
For all subjects considered together, a significant association between the change in 288 
subfoveal choroidal thickness and the change in axial length (p<0.001, β = -0.14; 289 
95% CI: -0.20 to -0.09) was found.  This association remained significant for 290 
analyses considering only the myopic children (p<0.001, β = -0.11; 95% CI: -0.16 to -291 
0.06 ), as well as for analyses considering only the non-myopic children (p<0.001, β 292 
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= -0.27; 95% CI: -0.37 to -0.17).  This negative association indicates that those 293 
children exhibiting larger amounts of axial eye growth over the 18 months of the 294 
study exhibited less subfoveal choroidal thickening (Figure 3a).  It is evident from 295 
Figure 3a that those children exhibiting the greatest rate of axial eye growth over the 296 
18 month study also typically exhibited a thinning of the subfoveal choroid.  There 297 
was no significant association between the baseline axial length and the change in 298 
subfoveal choroidal thickness over time (p = 0.7).   299 
 300 
Further analysis was performed, stratifying the population according to their rate of 301 
axial eye growth.  Each of the three axial eye growth rate groups included both 302 
myopic and non-myopic children, with the slow eye growth group (mean SER -0.1 ± 303 
1 D) consisting of 24% myopes within the group, the medium eye growth group 304 
(mean SER -0.6 ± 2.1 D) consisting of 24% myopes and the fast eye growth group 305 
(mean SER -1.6 ± 1.5) consisting of 73% myopes.  Figure 3b illustrates the mean 306 
changes in subfoveal choroidal thickness for the slow, medium and fast axial eye 307 
growth groups.  A significant interaction between eye growth and time was observed 308 
(p = 0.03) indicating that the amount of choroidal thickening observed in the children 309 
exhibiting faster axial eye growth (mean change of 6 ± 27 µm in 18 months) was 310 
significantly less than the choroidal thickening in the children exhibiting slow (18 ± 21 311 
µm) and medium (16 ± 18 µm) axial eye growth.    312 
 313 
These results demonstrate that the changes in choroidal thickness in childhood 314 
appear to be closely linked to the axial growth of the eye.  The individual changes 315 
observed in two of the subjects in our study provide examples that illustrate this 316 
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relationship (Figure 4, Supplementary Movie S1). In one of these examples, a child 317 
(S_079) who was non-myopic at baseline, began to develop myopia between the 6 318 
and 12 month study visits.  After showing less than 20 µm of axial length change 319 
over the first six months of the study, an increase in axial length of ~200 µm was 320 
observed in the next six months of the study and this was accompanied by a 321 
substantial choroidal thinning (51 µm thinner subfoveally compared to baseline).  In 322 
the second example, a myopic child (S_090) who exhibited rapid axial elongation 323 
(412 µm increase in axial length) over the first 12 months of the study (accompanied 324 
by a 12 µm choroidal thinning), shows a thickening of the choroid (33 µm thicker 325 
subfoveally compared to baseline) and a substantial slowing of axial eye growth in 326 
the final 6 months of the study (only 2 µm difference in axial length between the 12 327 
and 18 month visits).   328 
 329 
Longitudinal changes in parafoveal choroidal thickness 330 
Figure 5 illustrates the average parafoveal choroidal thickness at the baseline visit, 331 
and the mean changes in parafoveal choroidal thickness over the 18 months of the 332 
study for the 90 children with complete parafoveal data from all 4 study visits.  A 333 
significant increase in parafoveal choroidal thickness was found over time (p<0.001; 334 
β = 8 µm/year; 95% CI: 5 to 11 µm/year).  Significant variations in the mean 335 
choroidal thickness were found across the parafoveal zones (with the mean 336 
thickness being greatest in the central foveal zone compared to the inner and outer 337 
macula zones) and locations (with the choroid being thickest in the superior and 338 
temporal locations and thinnest in the nasal and inferior locations) (both p<0.001).  339 
Although there was a trend for the central foveal (13 ± 22 µm mean change in 18 340 
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months) and inner macula (13 ± 21 µm) zones to exhibit larger increases over time 341 
than the outer macula zone (mean increase 11 ± 18 µm), and for the superior 342 
location (mean increase of 14 ± 21 µm) to exhibit the largest and the temporal 343 
location (11 ± 22 µm) the smallest change over time, there was no parafoveal zone 344 
by time, or location by time interactions (p>0.05), indicating that the changes in 345 
choroidal thickness across the various parafoveal regions were similar over time.   346 
 347 
A significant main effect of refractive group (p<0.001) was also found for the 348 
parafoveal choroid, with the myopic children (mean parafoveal choroidal thickness 349 
across all zones and locations at baseline 294 ± 72 µm) having significantly thinner 350 
parafoveal choroids compared to the non-myopic children (341 ± 71 µm) (Figure 5a).  351 
However, there was no time by refractive group interaction (p = 0.4) indicating that 352 
the changes in the parafoveal choroidal thickness over time were not significantly 353 
different between the myopic children (mean increase of 10 ± 25 µm in 18 months 354 
across all parafoveal regions) and the non-myopic children (mean increase of 14 ± 355 
16 µm) (Figure 5b).  356 
 357 
Similar to the subfoveal analysis, a significant interaction between axial eye growth 358 
and time was also observed for the parafoveal choroidal thickness (p = 0.04), with a 359 
greater choroidal thickening over time observed in the children with slow (mean 360 
increase of 16 ± 17 µm in 18 months) and medium (mean increase of 14 ± 15 µm) 361 
axial eye growth compared to the children exhibiting fast axial eye growth (mean 362 
increase 6 ± 25 µm) (Figure 6).  There were no significant parafoveal zone (or 363 
location) by eye growth by time interactions, indicating that the change in choroidal 364 
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thickness associated with axial eye growth did not vary significantly in the different 365 
regions examined (all p>0.05). 366 
 367 
 368 
Discussion 369 
This study provides the first prospective longitudinal evaluation of the changes in 370 
choroidal thickness occurring in vivo in childhood.  The major finding in this study is 371 
that in normal children, a significant increase in both subfoveal and parafoveal 372 
choroidal thickness occurs over an 18 month period.  Over this same period of time, 373 
significant increases in axial length were also observed, which suggests that the 374 
changes in choroidal thickness cannot be explained by a simple mechanical 375 
mechanism related to alterations in eye size during childhood. However, the 376 
increases in choroidal thickness during childhood do appear to be influenced by the 377 
rate of axial eye growth, with those children exhibiting slower axial eye growth 378 
showing greater choroidal thickening compared to children exhibiting faster axial eye 379 
growth.  Children demonstrating rapid axial eye growth over the 18 months of the 380 
study tended to exhibit less choroidal thickening and often showed evidence of 381 
choroidal thinning.  The choroidal changes that we have observed therefore may 382 
represent the balance of two separate phenomena: a thickening of the choroid 383 
related to normal ocular growth and development in childhood, and a thinning of the 384 
choroid related to the rapid axial eye growth that is typically associated with myopia 385 
development and progression. 386 
 387 
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Previous animal studies examining developmental choroidal thickness changes in 388 
primates have also reported evidence of choroidal thickening occurring from birth to 389 
adolescence in normally developing animals with unrestricted vision.23,24  Our 390 
findings are broadly consistent with these choroidal changes in animals.  Troilo and 391 
colleagues24 speculated that the increase in choroidal thickness may function to slow 392 
juvenile eye growth.  Our finding of slower eye growth in childhood being associated 393 
with greater choroidal thickening tends to support this notion.  Animal studies have 394 
also documented that the normal developmental changes in choroidal thickness are 395 
altered when deviations in the normal rate of eye growth are induced 396 
experimentally.22-24  Choroidal thinning has consistently been found to be associated 397 
with the increases in eye growth occurring with experimentally induced myopia and 398 
choroidal thickening is known to accompany the slowing of eye growth during the 399 
development of hyperopia.22-24  Although our study did not include hyperopic 400 
children, the association between axial eye growth and choroidal thickness observed 401 
in the myopic and non-myopic children in our study is consistent with these 402 
previously documented associations between changes in choroidal thickness and 403 
altered eye growth in animals. 404 
 405 
Some previous cross-sectional studies examining primarily emmetropic children 406 
have reported a positive association between choroidal thickness and age in 407 
childhood10,13 with these studies demonstrating age-related increases in choroidal 408 
thickness of around 9 µm per year.  This agrees closely with our longitudinal findings 409 
of an increase in choroidal thickness of 8 µm per year.  Conversely, other cross-410 
sectional studies of children8,9,11 have reported a negative association between age 411 
and choroidal thickness, which is inconsistent with our current longitudinal results.  412 
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However, these studies included children with a relatively wide range of refractive 413 
errors, which leaves open the possibility that this negative association is being driven 414 
by an increased proportion of myopia (and associated thinner choroid) in the older 415 
children of the populations examined in these studies, rather than an independent 416 
negative association between age and choroidal thickness in childhood.  417 
 418 
Recently Li and colleagues21 reported on the subfoveal choroidal thickness of a large 419 
population of 11 and 12 year old Danish children.  In their cross-sectional study, a 420 
significant relationship between choroidal thickness and stage of pubertal 421 
development was found in girls, with more advanced pubertal development being 422 
associated with thicker subfoveal choroids.  Although an assessment of pubertal 423 
development was not included in our current study, the age of the children examined 424 
(10 to 15 years) suggests the possibility that hormonal related changes associated 425 
with puberty may have contributed towards some of the choroidal changes we 426 
observed over time.   427 
 428 
The myopic children in our current study were found to have significantly thinner 429 
choroids than the non-myopic children, which agrees with previous cross-sectional 430 
reports of choroidal thickness and refractive error in children20,21 and adults.4,6,12,16-19  431 
However, the changes in choroidal thickness over time in myopes (7 µm/year) and 432 
non-myopes (9 µm/year) were not significantly different, with both groups exhibiting 433 
on average an increase in choroidal thickness over the 18 months of the study.  434 
Although the myopic children exhibited significantly greater axial eye growth than the 435 
non-myopic children, the mean changes in axial length in our myopic children were 436 
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slightly smaller in magnitude than a number of previous studies of axial eye growth in 437 
myopic children.31-33  A number of the myopic participants did exhibit relatively slow 438 
axial eye growth, and also demonstrated thickening of the choroid over time, which is 439 
the likely factor underlying the lack of statistically significant difference between the 440 
longitudinal changes in choroidal thickness between the myopic and non-myopic 441 
children.  Although our study population included children exhibiting a wide range of 442 
axial eye growth rates and provides new insights into the relationship between 443 
changes in choroidal thickness and eye growth, future studies examining greater 444 
numbers of  myopic children exhibiting more rapid myopia progression and axial 445 
elongation (particularly younger children in the early stages of myopia development) 446 
are likely to provide additional insights and may reveal more substantial differences 447 
between the longitudinal choroidal changes of myopic and non-myopic children.  448 
 449 
Our findings demonstrate that faster axial elongation is associated with less 450 
choroidal thickening over time, with evidence of a choroidal thinning exhibited by a 451 
number of children showing rapid axial elongation.  It has been shown previously 452 
that the fastest axial elongation associated with myopia in childhood typically occurs 453 
in the 12 months before and after the initial development of myopia.34,35  Since our 454 
myopic children all had established myopia when they were enrolled in the study, it is 455 
likely that the more rapid period of axial elongation (and potentially associated 456 
choroidal thinning) for some of our myopic children had already occurred before they 457 
were enrolled in the study.  The association between axial eye growth and choroidal 458 
thickness change does provide a mechanism through which myopic children could 459 
develop a thinner choroid than non-myopic children over time.  The rapid axial 460 
elongation occurring during the early period of myopia development, and the likely 461 
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associated choroidal thinning, would be expected to eventually result in myopic 462 
children developing thinner choroids compared to non-myopic children (who over the 463 
same period of time would be expected to show a thickening of the choroid).   464 
 465 
Although there is evidence, particularly from animal studies, that changes in 466 
choroidal thickness accompany the development and progression of refractive 467 
errors, the exact role that the choroid plays in the control of eye growth is still a 468 
matter of speculation.36  The choroid may have a direct influence on eye growth 469 
through the secretion of growth factors that act on the sclera,37 or may have an 470 
indirect role by acting as a barrier to diffusion of retina-derived growth factors or 471 
signalling molecules,36 or act as a mechanical buffer to expansion of the globe.38  472 
While our findings demonstrate an association between choroidal thickness changes 473 
and the axial growth of the eye in childhood, further research is required to 474 
determine whether this relationship between axial eye growth and choroidal 475 
thickness change is due to an active or passive choroidal mechanism or an 476 
association between choroidal thickness and other eye growth signals. 477 
 478 
Our analysis of the parafoveal choroid revealed a similar magnitude of increase in 479 
choroidal thickness over time across the parafoveal region as was observed in the 480 
subfoveal region.  Although examination of Figures 5 and 6 indicate some apparent 481 
subtle regional differences in choroidal thickness change (with trends towards 482 
greater choroidal thickness changes in central and superior regions), there were no 483 
statistically significant differences in the changes in choroidal thickness observed in 484 
the different parafoveal regions, suggesting a relatively uniform pattern of change in 485 
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choroidal thickness across the parafovea. Future work exploring wider field imaging 486 
techniques, denser scanning protocols and examining larger populations of children 487 
may help to provide a clearer picture of any regional differences in longitudinal 488 
choroidal thickness change across the posterior pole.  489 
 490 
Since our study provides the first report of longitudinal changes in choroidal 491 
thickness in childhood, our results provide a reference for pediatric clinical imaging 492 
and for future longitudinal studies examining factors influencing choroidal thickness 493 
in childhood.  The mean magnitude of subfoveal choroidal thickening over the course 494 
of our study (13 µm) is larger than both the axial resolution of the OCT instrument 495 
used and the repeatability (95% limits of agreement) observed in the results (Figure 496 
1a), and this suggests that measurable changes in choroidal thickness are likely to 497 
be present in normal children who are assessed clinically with OCT imaging over 498 
time. Furthermore, knowledge of the magnitude and time course of the 499 
developmental increases in choroidal thickness in normal children will aid in the 500 
interpretation of the findings of future studies examining the potential influence of 501 
ocular diseases and various pharmacological and optical ocular treatments upon 502 
choroidal thickness in childhood.  Our results also emphasise the importance of 503 
knowledge of the magnitude of axial eye growth in the interpretation of choroidal 504 
thickness changes.  505 
 506 
The strengths of our current study include the longitudinal data analysis with good 507 
subject retention (less than 10% attrition over the 18 months), which allows greater 508 
insight into the changes in choroidal thickness with age and eye growth compared to 509 
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cross-sectional studies.  Our analysis approach accounted for the influence of ocular 510 
magnification, and eye tracking and image registration were employed by the 511 
instrument for the OCT imaging during the follow-up visits in the study.   512 
Furthermore, the time of day of the data collection at each study visit was also 513 
controlled to limit the potential confounding influence of diurnal variations of 514 
choroidal thickness.27,28  The main limitations of the current study include the 515 
relatively small sample size with unequal numbers of myopic and non-myopic 516 
children and short follow up time.  Future work examining longitudinal changes of 517 
choroidal thickness in larger numbers of both myopic and non-myopic children, over 518 
a longer period of time are likely to provide further insights into these changes.  The 519 
lack of cycloplegic refraction measures may also reduce the reliability of refractive 520 
error determination in children,39 however there is evidence that anticholinergic 521 
cycloplegic agents can influence choroidal thickness in adults,40 and their effect on 522 
choroidal thickness in children is currently unclear.  Since most of the analyses 523 
concentrated upon the relationship between choroidal thickness and axial eye 524 
growth changes over time, this is unlikely to be systematically influenced by the lack 525 
of cycloplegia.41  526 
 527 
 528 
Conclusions:   529 
This study provides the first report of longitudinal changes of in vivo pediatric 530 
choroidal thickness, and demonstrates a significant increase in choroidal thickness 531 
occurs over 18 months in childhood.  The changes in choroidal thickness were also 532 
found to be associated with the rate of axial eye growth, with children exhibiting 533 
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faster axial eye growth exhibiting less choroidal thickening over time, supporting a 534 
potential role for the choroid in the control of eye growth in childhood.  535 
 536 
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Figures: 699 
 700 
 701 
 702 
Figure 1:  Bland-Altman plots illustrating the repeatability of the choroidal thickness 703 
measures from the two repeated OCT scans collected at each of the 4 visits in the 704 
study, for the subfoveal choroidal thickness (a), the central foveal zone (b), the inner 705 
macula zone (c), and the outer macula zone (d) parafoveal choroidal thickness. 706 
 707 
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 708 
Figure 2:  Mean ± SEM change in subfoveal choroidal thickness (ChT) (a) and axial 709 
length (b) from baseline for all children (black line), myopic children (red line) and 710 
non-myopic children (blue line) over the 18 months of the study.  Horizontal error 711 
bars represent the SEM of the study visit time. 712 
 713 
 714 
 715 
 716 
 717 
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 718 
Figure 3:  Relationship between the rate of change (derived from regression 719 
analysis of each individual subject’s change over time) in subfoveal choroidal 720 
thickness (ChT) and axial length for the myopic (red circles) and non-myopic (blue 721 
circles) children over the 18 months of the study (dashed lines show the best fit 722 
regression line for the myopic (red) and non-myopic (blue) children) (a).  Shading in 723 
(a) illustrates the tertiles of the axial eye growth data used to stratify children as 724 
exhibiting either fast (red shading), medium (blue shading) or slow eye growth (green 725 
shading).  The mean ± SEM changes in subfoveal choroidal thickness in children 726 
exhibiting fast (red line), medium (blue line) and slow (green line) axial eye growth 727 
are also illustrated (b). Horizontal error bars in (b) represent the SEM of the study 728 
visit time. 729 
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 730 
 731 
 732 
 733 
 734 
 735 
 736 
Figure 4:  Examples of longitudinal changes in choroidal thickness (ChT) and axial 737 
length for two subjects, illustrating the close relationship between the changes in 738 
choroidal thickness (red line) and axial length (blue line) in the study.  Subject 079 739 
(top) was a non-myopic male at baseline and exhibited minimal axial elongation and 740 
small magnitude choroidal thickening in the first 6 months of the study, and then 741 
exhibited marked axial elongation and the development of myopia along with 742 
choroidal thinning in the second half of the study.  Subject 090 (bottom) is a myopic 743 
female who exhibited substantial axial elongation and a small degree of choroidal 744 
thinning over the first 12 months of the study, and then showed a slowing of axial 745 
elongation and a choroidal thickening in the final 6 months of the study. 746 
(Supplementary Movie S1 file illustrates the changes in the horizontal OCT scan 747 
choroidal images at each of the study visits).  748 
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 749 
 750 
 751 
Figure 5:  Average choroidal thickness (ChT) at the baseline visit across the central 752 
6 mm parafoveal region for all children (left), myopic children (middle) and non-753 
myopic children (right) with complete parafoveal choroidal thickness data at all visits 754 
(a).  The average change in choroidal thickness from baseline at each 6-month study 755 
visit for each group is also illustrated (positive values indicate a choroidal thickening 756 
and negative values indicate a choroidal thinning over time) (b). T indicates 757 
temporal, and N indicates nasal. 758 
 759 
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 760 
Figure 6:  Average choroidal thickness (ChT) at the baseline visit across the central 761 
6 mm parafoveal region for children exhibiting fast (left), medium (middle) and slow 762 
(right axial eye growth with complete parafoveal choroidal thickness data at all visits 763 
(a).  The average change in choroidal thickness from baseline at each 6-month study 764 
visit for each group is also illustrated (positive values indicate a choroidal thickening 765 
and negative values indicate a choroidal thinning over time) (b).  T indicates 766 
temporal, and N indicates nasal. 767 
 768 
